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FOREWORD 

.•i 
i 

This is the fourth quarterly report prepared by 
Yardney Electric Corporation, Lfew York, Iiew York, 
on Air Force Contract AF 33 (615) 2663 under Task 
No. 8l730U-28:. Batteries, of Project No. 8173, 
Static Energy Conversion. This work .was sponsored 
by the Air Force Aero-Propulsion laboratory of the 
Research and Technology Division and the Lallist-c 

J v Systems Division of the U. S. Air Force. It was 
administered under technical guidance of the Air 
Force Aero-Propulsion Laboratory, Wright-Patterson 
Air Force Base, Ohio. 

This report As being published and distributed, pri- 
or to. Air Force review. The publication of this 
report, therefore, does not constitute approval by 
the Air Force of the findings or., conclusions con- 
tained herein. It is published for the exchange 
and stimulation of ideas . 
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ABSTRACT 

1.   "All battery" desigr approaches using duplex electrodes (pile 
construction) are described and design parameters compiled. 

2.   The experLaental work performed to verify the various cell and 
battery designs has been outlined. Data and test results are 
analyzed. 

Design guidelines for a 1500 VOH, 750 watt-hour battery module 
are summarized. 

k. Extensive data on battery size and weight versus battery volt- 
age have beeu compiled for batteries having outputs of 2 KW to 
20 KW. 

Formulae expressing the weight and volume of batteries as a 
function af nominal battery terminal voltage, watt-hour rating 
acd percent regulation are presented for batteries utilizing 
conventional (individual) cells. 

5-   "he ■■'-udy phase of the DC-DC converter development program is 
n progress. 

A report which documents the effort expended by The Ordnance 
Division of Honeywell. Inc. during the preceding quarter is in- 
cluded in the Appendix of this report. 
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INTRODUCTION 

This document represents the fourth quarterly report as de- 
fined in contract # AF-33(6l5)2663 - Exhibit "B", Item III, 
dated 8 June, 1965. 

It is the purpose of this contract to conduct a program of 
study, design and development leading to the fabrication of 
a high rate silver-zinc missile power supply capable of meet- 
ing the requirements listed in the Statement of Work, Part\I, 
Schedule, page A. 

Three possible approaches are to be considered in the design 
of the power supply unit: 

(a) The power supply package cons 
battery (or batteries) only. 

ists of a silver-zinc 

(b) The power supply package consists of a silver-zinc 
battery (or hatteries) in combination with a static 
power converter with the converter supplying all the 
loads. 

(c) The power supply package consists of a silver-zinc 
battery (or batteries) in combination with a device 
carrying partial loads. 

The prcgram itself has been divided into two phases: 

Phase I : Trade-off and Investigation.- This phase con- 
stitutes a thorough study to determine the op- 
timum design approach to the Missile Power Sup- 

ply- 

Phase II: Development, fabrication and testing of Power 
Supply units designed in accordance with the re- 
sults of investigations conducted in the study 
program. 

This report presents the work performed during the period April 
1 1966 - June 30 1966, and covers the progress on Phase I of the 
program. 



II      DISCUSSION 

Trade-Off and Optimization Investigation. 

1.0 The use of batteries.JJU supply the load directly. 

1.1 The "all battery" duplex electrode approach to the design of the power 
su^/ply. 

1.1.1 Our studies have shown that the conventional, cell approach to the "all 
battery" version of the power supply, while feasible, would result in 
a power supply having an optimum overall weight of 30.5 lbs. and a vol- 
ume of 1188 cubic inches. 

Utilizing the duplex electrode construction in a "square cell" geome- 
try, we obtained a total battery weight of 13-7 lbs. in a volume of 
296 cubic inches. Further work established that a volume reduction of 
about thirty (30) cubic inches could be realized through the optimiza- 
tion of the square cell duplex electrode battery. 

1.1.2 The "square cell" duplex electrode battery. 

Having established a battery design layout which could meet the require- 
ments of the contract Statement of Work, the program plan called for 
substantiation of the design by assembling, testing and evaluating bat- 
tery modules which are essentially scaled-down models of the complete 
battery. 

1.1.2.1  Experimental; 

Previous progress reports hare dealt with the evaluation of duplex 
electrode modules of h  cells, 10 cells, 17 cells, and ko cells. The 
main effort during the past quarter was devoted to (a) the construc- 
tion and test of one hundred cell (l80 volts) modules (b) the design 
and breadboard of a high voltage battery module in order to substan- 
tiate the design concept of the proposed square cell duplex electrode 
battery (c) an additional task was to establish techniques to manufac- 
ture large quantities of thin (0.0015 - 0.0025 in.) electrodes. 

1.1.2.1.1 Battery Tests on 100 Cell Modules. 

Battery PB019 consisted of 100 duplex electrode cells in series. Gas- 
ket thickness was 0.020" and the electrolyte inlet feed channel meas- 
ured l/l6" w x 0.020" t x l/k"  1 (cross sectional area Q.0125 sq. in.). 
The electrode pairs were cemented to the gasket plates using 3M struc- 
tural adhesive #EC 2216B. The assemblies were then stacked rjid the 
entire compressed by means of ti" >*ods. The battery measured 2-5/8" 
x 2-5/8" x 2-3/8" not including the activation mechanism. 

The battery was activated using 100 cc of electrolyte (38$ potassium 
hydroxide), under no load conditions. Note that all one hundred cells 
were activated as a group and therefore were connected hydraulically 



in series through the electrolyte in the feed manifold. 

Five seconds after activation a voltage of 155 volts was attained, 
(this is about 10 volts lower than the normal open circuit voltage ex- 
pected from a hundred cell battery) no gassing was observed in the 
electrolyte manifold channel, however, the battery voltage began to 
drop (reaching ll+0 volts at t = 15 seconds, 127 volts at x,  = 30 sec- 
onds, 125 volts at t = U5 seconds, 113 volts at t = 60 seconds, 70 
volts at t = 75 seconds) indicating a rather strong intercell leak- 
age current in the battery. 

The test was interrupted two minutes after battery activation. Bat- 
tery 020 consisted also of one hundred cells in series. The battery 
construction was identical to that of PB019 except that the electrode 
gaskets were bonded with epoxy resin and the battery pack encapsulated 
in potting. 

The battery was activated using 90 cc of electrolyte (38$ potassium 
hydroxide), under no load conditions. 

Activation was normal and the open circuit voltage rose to 163 volts 
in five seconds. After thirty seconds, the electrolyte in the feed 
manifold began to gas and the battery voltage dropped from 163 to 
158 volts. The unit was discharged at this point ..(discharge current: 
2.5 amps, corresponding to a current density of 0.8 amp. per sq. in.) 
and gave the following.data: 

Time  (Se conds) Voltage  (Volts) 

5" 113 
15" 93 
20" 90.1 
30" 70.5 
35" 1+6.5 

It appears that (a) the individual duplex gaskets must be boided to 
reduce intercell leakage paths around the cell edges (b) the size of 
the manifold must be reduced (c) leakage current must be controlled by 
dividing the series connected cells into relatively sma11 groups (mod- 
ules) and activating each module through a separate channel. 

The previous tests have thus established that the leakage current in 
the one hundred cell modules tested was due largely to the nature of 
the manifold construction and the gasket seal used. A likely method 
of coping with this problem .would be to use grooves or channels to 
distribute the electrolyte to individual module groups. The number 
of cells in a single group should be small enough to limit intercell 
leakage in the group and has to be determined empirically. The proper 
size manifold channel, in effect, limits the inter-group current flow. 
As a start, the number of cells per group was set at twenty. 

• 
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The purpose of the next series of tests was essentially to verify the 
design of an improved battery manifold design and methods of sealing 
individual duplex gaskets. 

Battery PB021: 

This unit consisted of one hundred O.06 ampere-hour cells in series. 
The following parameters apply: 

(a) Gasket thickness: .020" 
(b) Electrolyte feed channel: l/l6" w x 0.020" x l/U" 
(c) Ho. of cells per module subgroup: 20 
(d) Electrode gaskets bonded with Eastman 910 adhesive 
(e) Battery pack encapsulated in epoxy resin 

The five 20 cell groups were stacked and connected in electrical ser- 
ies prior to positioning of the manifold feed block and subsequent en- 
capsulating operation. 

The battery was activated using 90 cc of electrolyte (3836 potassium 
hydroxide); under no load conditions. 

Activation was normal and the open circuit voltage rose to 171 volts, 
two seconds after activation. At t=6o seconds the unit was discharged 
at 3.5 amps (l.l A/in^) and gave the following data: 

FIRST 
100 CELL       20 CELL 
BATTERY        MODULE 

TIME (SECONDS)  VOLTAGE (VOLTS)  VOLTAGE (VOLTS) 

2.5" 

5.0" 

57-5 

35.0 

28.0 

25.0 

FIFTH 
20 CELL 
MODULE 

VOLTAGE (VOLTS 

13.5 

8.1 

The test was interrupted at this point, because of the apparent, imbal- 
ance between cell groups due to poor electrolyte distribution, and ten 
cubic centimeters of electrolyte were added to the battery. The unit 
was then discharged at 3-5 amps. The following data was obtained: 
V FIRST FIFTH 

100 CELL 20 CELL 20 CELL 
BATTERY MODULE MODULE 

TIME (SECONDS) VOLTAGE (VOLTS) VOLTAGE (VOLTS) VOLTAGE (VOLTS) 

ocv 170 32.8 32 
2.5" lM 29.2 25.5 
5.0" 138 29.0 23.0 
10" 130 28.6 21.8 
15" 123 28.3 21.0 
20" 115 27.6 19.5 
30" 10U 25.2 16.8 



t 

TIME (SECONDS) VOLTAGE (V03 

OCV 171* 
5" lU3 

10" lUl 
15" 138 
20" 135 
30" 127 
1+0" 113 
50" 100 

TIME (SECONDS) VOLTAGE (VOLTS) VOLTAGE (VOLTS) VOLTAGE (VI 

OCV 157 31 30 
5" 133 27 22.5 

10" 121 25.2 17.5 
15" 108 2U.7 13 
20" 99 23.6 10 

! 

; 

The test was Interrupted two minutes after battery activation. There 
was no sign of arcing in the electrolyte feed manifold and, after the 
test discharge, the battery voltage recovered to a normal open circuit 
voltage (approximately 1.55 volts per cell). 

Battery PB022: 

This unit was similar to battery PB021 except that it consisted of 
one hundred O.06 ampere«hour cells activated in hydraulic parallel 
but not electrically interconnected. The battery pack was divided 
into twenty cell sections, each section being activated through sep- 
arate manifold channels. A pair of leads extended from each twenty 
cell stack. After activation, the five groups were connected elec- 
trically in series by means of knife switches. 

The battery was activated using 90 cc of electrolyte (38$ potassium 
hydroxide), under no load conditions. 

I One minute after activation, the 100 cells were placed in series and 
the unit discharged at 3-5 amps (1.1 amps, per sq. in.). The follow- 
ing discharge data was obtained: 

FIRST FIFTH 
100 CELL        20 CELL        20 CELL 
BATTERY        MODULE MODULE 

VOLTAGE (VOLTS)  VOLTAGE (VOLTS) VOLTAGE (VOLTS) 

31* 3^ 
28.8 30 
28 29 
27.5 29 
26.5 29 
22 27-5 
18.5 25.0 
17.0 21.0 

The test was interrupted at t=50 seconds and 20 cc of electrolyte ad- 
ded to the battery. The discharge was continued as follows: 

FIRST FIFTH 
100 CELL        20 CELL 20 CELL 
BATTERY        MODULE MODULE 

I 

The results of tests PB021 and FB022 indicate that the present mani- 
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fold design is adequate. Intercell leakage has been reduced and arcing 
appears to have been eliminated. 

Battery EB023 consisted of twenty 0.3 ampere-hour duplex electrode cells 
in series. This test-was run to determine the effect of longer times 
of operation on duplex electrode battery performance. 

The following parameters apply: 

(a) Gasket thickness: 0.020" 
(b) Electrolyte inlet feed channel: l/l6" x 0.020" x l/U" 
(c) Silver per electrode: 1.7 grams 
(d) Zinc per electrode:  1.05 grams 
(e) Duplex electrode thickness: 0.018" 
(f) Separator: Pellon #2506K - 3 mils thick. 
(g) Activation under pressure using ko psig nitrogen - helium 

mixture to displace 20 cc of 38$ potassium hydroxide 
electrolyte. 

(h) Battery pack dimensions: 2A2 x 2.675 x 0.5k    (3-5 cu. in.) 
(i) Battery pack weight: 121.k  grams. 

The results obtained were: 

Open circuit voltage (5 seconds after activation) :  36.0 Volts 

Discharge rate: 3-5 amps constant current; equivalent 
to a discharge current density of   1.1 amps per 

sq. in. 

Voltage (after application of-load) at 5 seconds :  29-5 volts 
15 seconds :  29.5 volts 
30 seconds :  29.3 volts 

Plateau voltage :  28.7 volts 

Time to 20.0 volts :  315 seconds 

Capacity : O.306 Ahr 

Watt-hours (based on average voltage) :   8.8 

Battery monobloc energy density :   2.5 Whrs 
per 
cu.in. 

We conclude that increasing the time of operation of the twenty (20) 
cell test module from 75 seconds to 5 minutes did .not cause a degra- 
dation in performance. 



1.1.2.1.2 Design and breadboard of a 1000 cell battery module. 

The design of the unit uses the guidelines established in the 100 
cell test units described under paragraph 1.1.2.1.1. A total of 
2200 unit cell electrodes were prepared and assembled into duplex 
electrodes. The. Individual duplexes were then insulated using 
0.020 gaskets and made into 26 volt modules. 

Parameters for the unit (1500 V nominal load voltage at 3*5 amps) 
are: 

(a 

(b 

(c 

(d 

(e 

(f 

(g 

(h 

(i 

(J 

(k 

(1 

(m 

(n 

(o 

Nominal capacity: 0.5 Ampere-hours 

Number of cells: 100C 

Number of modules: 50 

Number of cells per module: 20 

Total duplex electrode thickness: 0.0225" (includes gasket) 

Electrode (active material) dimensions: l-ll/l6" x I-I5/16" 

Active Ag per electrode: 1.7 grams 

Active ZE. per electrode: 1.1 grams 

Available capacity (based upon a silver utilization 
of 0.33 Ah/g) : O.56 ampere-hour. 

28 volt module dimensions: 2A5" x 2.65" x 0.k&" 

Battery monoblock dimensions (not including header): 
5.08" x 13.k2"  x U.25" 

Battery monoblock dimensions (including header): 
5.08" x 13.U2" x 5.5" 

Projected power output: 5«1 KW 

Projected energy: 750 Watt-hours 

Projected energy density (not including activation 
system) : 2 Whrs/cu.in. 

A drawing of the breadboard battery assembly is.-presented in Figure 1. 
Additional sketches showing the details of assembly of the unit cell 
pack, monoblock, channel feed, and activation hardware are shown in 
Figures 2, 3, K  5, 6, 7, 8, 9. 
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Machine plastic parts and other components are being fabricated at 
the present time. Assembly of the battery is slated for the follow- 
ing work period. 

1.1.2.1.2.1 Additional Tests: 

Tests run during the last working period include: 

(a) Electrical tests on silver and zinc electrode materials 
prepared for the 1500 V duplex electrode unit. 

(b) Electrical tests on finished four cell units represent- 
ing a sampling of cells from the 1100 unit cells as- 
sembled into modules. 

1.1.3    The circular duplex electrode battery. 

Five (5) alternate design approaches for a circular duplex electrode 
battery have been established and the projected weight and volume for 
each approach were calculated. The basic concept is the same for all 
designs. As previously described, the battery will be activated 
through the center by means of a central manifold. Each duplex (or 
cell) is fed through a narrow channel measuring 0.010" x I/I6" x l/8" 
which is in registry with a slot connecting modules of twenty cells. 
This slot, in turn, leads to the main battery activation manifold. 

1.1.3.1 Design No. 1 

Description: Duplex electrode battery utilizing cells having a cir- 
cular geometry. 

The cells are stacked in a single row and are activated 
through the center by means of a central manifold feed. 

[The battery is to be assembled as twenty cell modules. 

Battery activation: All-pc3ition activation system 
utilizing a gas generator - electrolyte coil reservoir 
activation system. 

Battery dimensions: 3.375" dia x 26.25" long 
(233 cubic inches). 

1.1.3.2 Design No. 2 

Description: Duplex electrode battery utilizing cells having a cir- 
cular geometry. 

The cells are arranged in four stacks. Each stack be- 
ing activated by means of a central manifold. 

17 
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The battery is to be assembled as twenty cell modules. 

Battery activation: AJUUposition activation system 
utilizing a gas generator - electrolyte coil reservoir 
activation system. 

Battery dimensions: 6.25" x 6.25" x 6.5" (25^ cubic 
inches). 

1.1.3.3  Design Bo. 3 

Description: Duplex electrode battery utilizing cells having a cir- 
cular geometry. 

Cells are arranged in four stacks. Each stack being 
activated by means of a central manifold. 

The battery is to be assembled as twenty cell modules. 

One position activation system (gas generator-cylindri- 
cal electrolyte tank system. 

Battery dimensions: 5-25" x 5-25" x 8.5" (231* cu.in.) 

I.I.3.U   Design No. h 

Description: Duplex electrode battery utilizing cells having the 
shape of a circular sector. 

Cells are arranged in four stacks. Central manifold 
activation. 

The battery is to be assembled as twenty cell modules. 

All-position activation system (gas generator - 
electrolyte coil reservoir activation system). 

Battery dimensions: 6" dia. x 6.625" (I87.5 cu.in), 

I.I.3.5   Design No. 5 

Description: Duplex electrode battery utilizing cells having the 
shape of a circular sector. 

Cells are arranged in four stacks. Central manifold 
activation. 

The battery is to be assembled as twenty cell modules. 

One position activation system. (Gas generator-cylindri- 

18 
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cal electrolyte tank system). 

Battery dimensions: 5" dia. z 8-5" (166.5 cu. in.) 

1.1.3.6  As noted previously, the preparation of the duplex electrode, the de- 
sign of the electrode gasket and the separator material called out are 
similar to that described.for the square cell design except for the 
form factor. Design verification tests based on 28 volt module test 
discharges have been scheduled for the next work period. 

2.0     The Use of a Battery-Converter System to Supply Power 

Work on the study of a battery-converter version of the Missile Power 
Supply was continued during the last quarter. Essentially, the power 

,    supply package consists of a remotely activated silver-zinc primary 
battery (or batteries) in combination with one or more static power 
converters. 

I       2.1     The battery section of the battery-converter design approach. 

Designs of cell and battery systems for proposed input .voltage levels 
of 5.6, 2d, 56, 90 and 200 volts have been prepared for projected bat- 
tery outputs of 2 kilowatts.to 20 kilowatts. Since the battery study 
was to include conventional (individual) cells as .well as duplex elec- 
trode (pile type) cells, designs were prepared using both cell types. 

Paper designs, as well as weights and volumes of cells and battery sys- 
tems for the proposed input voltages of 5 «6, 28, 56, 90 and 200 volts 
and outputs of 8.5 to 12.1 KW, using conventional (individual) cells 
have been presented .in the third Quarterly Technical..Report. From 
these data, formulae were derived expressing the weight.and volume of 

I the batteries as a function of nominal battery terminal voltage, watt- 
hour rating and percent regulation. The analysis is presented in Ap- 
pendix III of this report under "Battery Weight and Volume Calcula- 
tions" . 

2.1.1 Projected silver-zinc battery energy density versus size and weight 
as a function of battery voltage (5-6, 28, 56, 90 and 200 volts) and 
voltage regulations of plus and minus 5> 10 and 15 percent have been 
determined for batteries utilizing.the pile type (duplex electrode) 
construction, in the range of 133 to 190 watt-hours. For purposes of 
optimization, the units were designed with the thinnest possible spacer 
gaskets (0.010" thick). Tabulated data are presented in Table T to show 
the effect of reducing the duplex electrode gasket thickness from 0.020" 
to 0.010". 

2.1.2 Optimized weight and volume projections for battery systems (utilizing 
conventional cells as well as duplex electrodes) with outputs of 2 KW 
and 20 KW and operating times of 15 seconds and 5 minutes have been 

19 
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compiled in Table II. The methodology and sample calculations for 
these projections were presented in the Third Quarterly Progress Re- 
port. 

Summary sheets shoving (a) battery component volumes versus battery 
voltage (b) battery component weights versus battery voltage (c) 
overall battery volumes versus battery voltage (d) overall battery 
weights versus, battery-voltage as a function of output (watt-hours) 
and voltage regulation, are presented in Appendix I. Energy density 
figures have also been calculated for each of the battery types. 

2.1.3    Design verification of the projected design for a 
90 volt 133 watt-hr. conventional cell battery. 

.    As discussed previously (3rd. Quarterly Progress Report), the bat- 
tery consists of 6k cells (nominal capacity: l.kQ ampere-hours) in 
series and is designed to operate at a voltage regulation of plus 
or minus five percent. 

The energy density of the battery was calculated as 23 watt-hours . 
per pound and 1.16 watt-hours per cubic inch. 

A design layout of the proposed battery was prepared in order to 
verify the overall battery dimensions previously calculated. 

A print of the layout drawing has been reproduced in Figure 10. 

The projected volume of the unit (w/o outer case) had formerly been 
established as 125 cubic inches. The actual volume (including the 
outer case), in accordance with the design layout, is determined to 
be lUl cubic inches, indicating a good correlation between the pre- 
dicted and the design established values. 

2.2     The converter section of the power supply. 

The subcontract for the study and optimization phase of a DC to DC 
converter for the Missile Power Supply was awarded.to the Ordnance 
Division of Honeywell Inc., during the last reporting period. Work 
was initiated on phase I of the program on April 15, 1$)66. 

2.2.1 A technical program plan outlining the projected work, on the con- 
verter was submitted to Yardney Electric by Honeywell. A copy of 
this document has been included in Appendix II of this report. 

2.2.2 Honeywell's first quarterly progress report which documents the ef- 
fort expended during the preceding three months of this study pro- 
gram will be found in Appendix III of this report. 

22 
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j ' III    C0WCLUSI0H3 

1. It has been established that a duplex electrode battery power 
supply utilizing a square configuration will weigh 13.7 lbs. 
in a volume of 266 cubic inches. 

2. Analysis of the. design of a duplex electrode battery power sup- 
ply utilizing a circular configuration has indicated that a 
unit can be developed that will occupy a volume as low as 166.5 

I cubic inches. 

3. A test run on a twenty cell duplex electrode battery to deter- 
mine the effect of longer times of operation (up.to 5 minutes) 
on duplex electrode performance has shown that the increase in 
time of discharge did not cause a degradation in performance. 

k. Tests have shown that the arcing and intercell leakage usually 
. associated.with.high density.packaging of high voltage duplex 
electrode batteries can be minimized, if not eliminated, by sub- 
dividing the battery package into twenty cel.1 mdules, each mod- 
ule being activated through separate manifold channels. 

; 5. A breadboard I50O volt experimental duplex electrode battery has 
been designed. Projected power output is 5-1 KW and projected 

*. energy of the unit: 750 watt-hours. Overall battery assembly di- 
I raensions will be 5.08" x 13.42" x 5.5". 

6. Various combinations of batteries and converter regulators were 
investigated and evaluated under the work program subcontracted 
to Honeywell, Inc. 

A design methodology for the battery-rconverter approach is being 
developed, to be applicable to similar systems of various power 1 
levels, voltage levels and load transfer durations. 
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AHENDK I 

(Battery-Converter System) 

2 - 20 KW Battery Output 

Summary of Data 



SATIETY     OUTPUT!   &33  WATT- HOURS,     AT      ZK\LO WATTS, 

V OUTACrE.    tf.E.eU LATIOM ; S10°k 

»O S     «     7    •   •   1 

BATTERY       VOLTACrE f/OLTS^ 
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BATTERY       OUTPUT      8,33   WATT- HOURS    AT      7.KILOWATVS 

V<VTA.GrE     KEG-fL^TlOM ' 3riö% 

■     7   ■   •    IO 

BATTERY 

»O      *a     iO  «D  TO ao «o tor» ■ Ob (M     4 BUT 

VÖLTACrE. fvöLTS»} 
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&A7TE&Y      OUTPUT:   fc.33 WATT- HOLMES»     AT     2 KILOWATTS 

VOLTAGE REGULATION!   ±»S°/- 
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BATTERY        VOLTAGE. (vOLTs} 
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BATTERY     OUTPUT:    £.33   WATT-HOURS    AT     2 KILOWATTS 

VOLTATT-E.    R.eGrULAT1oAsl : t I5°£ 

aoo       »        *      ii    •    r  *  »  i 

BATTER* (v/OLTS^ 
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6MTERY      OUTPUT. 83.3 WATT- HCX^RS     AT    20KILOV7A 

VOLTAGE    REGULATION !   ± tO% 
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&ATTE.&Y   OUTPUT : es.3 WATT-MOORS,  AT   Z© *CILOWATTS 

VOLTAGE     REG-OLATIÖM :  * IOaA 
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BATTERY     OUTPUT'    833 WATT-HOU&»    AT    -ZÖKVLÖWATTS 

VOLTAG-C    RE&O «-AT10J '• ± jSV- 

ao ao «D »«oiotco «ao       aoe   4      s   •   7 • * i 

BATTERV    VOLTAGE. 
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8ATTEfOY        OUTPUT : 63.5 WATT-HOURS      AT     2£> KILOWATTS 

VOLT AGB      REGULATION ; -r i£*/. 

ao ao      *0    BO ao »aotoico ■OO • * ■     «     7   ■   •   I 

BATTERY VOLTAGrL (VOLTS) 
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BATTERY     OUTPUT-   ft!   WATT-HOURS     AT 

VOLTAGE      REGULATION,     i 10% 

2 KILO WATTS 

* »97 

BATTERS       VOLTAGE (VOLTS} 
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BATTERY    OUTPUT      It7     WATT-HOU^S 

WÖLTAGrE      REaUJ-AT-'OM   ± |0% 

AT     Z KILO WATTS 

+-t+ +4f «4 M —I 
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öATTERY    OUTPUT   [un w AT T- HOURS    AT 

VOLTAGE      REGrUL-ATlOK     *l£7« 

Z KILO WATTS 

ft     •     7   ■   •   I» 

BATTE.RY       VOLTACrE. (s/ÖLTS) 
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BATTERY      OUTPUT'     |4>7   WACTT- HOURS     AT   2KILOWATTS 

\10LTKCr£      REGULATION"  ±15*/. 
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B^TTeP-Y     OUTPUT:    ItmlO WATT-HOURS     AT    20 KILO WATTS 

VOLTAGrE      REGrOL ATIOH .' ± IO% 
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6ATTERY     OUTPUT'   Ife70    \A/ATT- HOOR^    AT    ZO KILOWATT^ 
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BATTERY      OUTPUT:   14,70    WATT- HOUßS    AT   20 KILOWATTS 

VOLTAG-E     REGULATION I    ± IS'/" 
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APPEHDIX II 

(Battery-DC/DC Converter Study: Technical Program Plan) 



a 

BATTERY-DC/DC CONVERTER STUDY 

PROGRAM FLAN 

MISSILE POWER SUPPLY CONVERTER 

Component Study 

1.  Survey transistors 

Goal - Selection of Transistors with Parameters which are 
suitable for application. 

a) Preliminary Specification Generation 

b) Vendor Survey 

c) Data Analysis 

1) Wt/Vol 

2) Switching Speed 

3) Lösses 

k)   Trade-offs 

5)   Reliability-Stress Analysis 

tons 

Survey 

Selection of Core materials which merits furth« ? 
ir. *-tigation for application 

-p   ary Specifications with Assumptions 

" Survey 

>   ,&t>* A    Lysis 

1}   lOiii Factor 

2) Losses as Function of Frequency 

3) Weight/Volume Data 

k)    Cross over Points 

d) Selection of Materials 

k6 



1 

3.  Battery Analysis 

Goal - Definition of Battery characteristics related to 
system application 

a) Preliminary Specification Review 

b) Data Analysis 

1) Electrical 

a) Voltage 

b) Activation 

c) Impedance 

d) Regulation 

2) Mechanical 

a) Weight 

b) Volume 

c) Cc figuration 

d) Terminals 

3) Thermal 

a) Internal 

b) External 

c) Trade off Studies 

k.      Transformer Construction Study 

a) Weight and Volume 

1) High Altitude 

2) High Temperature 

3) High Voltage 

b) Determine Optimum Dimensions 

c) Evaluate Ctnstructir-i ir;cn...'qu?s 

h7 
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Task II - System 3tady 

1.  Analyze Circuit Design Concepts 

a) Battery Voltage vs. Circuit Approach 

b) System Weight/Volume Trade-offs 

1) Efficiency 

2) Thermal 

3) Reliability 

2. 

3. 

Conclusions 

a)  Battery Size vs. Power 

Battery Size vs. Voltage 

Converter Size vs. Voltage 

b) 

c) 

4) Converter Size vs. Input 
Voltage 

General Applications 

a) Component Evaluations 

b) Design Procedures Methodology 

c) Families of Design Curves 

e) Converter Size vs Efficiency 

f) Converter Size vs. Frequency 

g) Converter Size vs. Temperature 
Limit 

h) Converter Size vs. Power 
Output 
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BATTERY - DC/DC CONVERTER STUDY 

i 
| TR*i#!-OFF AND INVESTIGATION PHASE 

i 

TECHNICAL PLAN 

1.0 Translator Survey 

(a) Objective: To determine which transistors currently available are 
most suitable for the application. 

(b) Approach: Using preliminary specifications as a basis, select as 
many transistors as practical which meet the requirements for the 
missile power supply converter application. Conduct comparative 
analyses of transistors selected to determine which transistors are 
most desirable for applications. Order samples. Test samples. 
Recommend according to test results. 

(c) Research Procedures: Conduct "state-of-the-art" survey of several 
transistor manufacturers. Conduct an analysis of transistor samples; 
compile data on the following transistor characteristics: 

(1) Weight and volume 
(2) Losses vs. operating frequency 
(3) Reliability versus stress 

Conduct trade-off studies between all transistor samples to determine 
the most desirable transistor(s) for the application. 

(d) Test Procedures: The following parameters will be tested for each of 
the transistor samples: 

(1) Vce (sat) 
(2) hFE 
(3) t on 
(k) t off 
etc. 

(e) Anticipated Performance: Utilizing the information obtained from 
transistor manufacturers and tests, the. design constraints Imposed by 
transistor selection will be determined. The effects of these con- 
straints on system weight and volume will be analyzed during the sys- 
tem study portion.of this program. 

(f) Milestone: Prepare data describing tt~.se transistor types capable of 
meeting all requirements of the missile power supply converter applies 
tion. Prepare the data in a form which can be utilized in the system 
study portion of this program. 
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2.0 Core Material Study 

(a) Objectives; To determine the effects of core material selection 
on the weight, volume, and efficiency of the converter power 
transformer and to determine the optimum material available. 

(b) Technical Approach; An analysis of core material characteristics 
to determine the effect of material selection on transformer weight, 
volume, and efficiency will be performed. The results of this 
analysis will be presented by curves describing weight, volume and 
core loss as a function of operating frequency and power handling 
capability. 

(c) Research Procedures; Conduct a "state-of-the-art" survey of core 
material manufacturers to select the types of core materials which 
merit further analysis. Test samples of each core material selected 
to obtain data not readily-available from the vendors. 

Conduct trade-off studies to determine the most suitable core materials 
for the missile power supply converter application. 

(d) Test Procedures; Each of the core material samples will be tested 
to obtain data not readily available from the vendors. Test pro- 
cedures will be written after vendor survey and analysis is completed. 

(e) Anticipated Performance: Using the data obtained from the vendors and 
tests in paragraph (d), the most desirable core material(s) for the 
missile power supply converter will be established. 

(f) Milestone: Prepare data describing those core materials most suitable 
for the missile power supply converter application in a form which can 
be used in the system study portion of this program. 

3.0 Battery Analysis 

(a) Objective: To determine the factors affecting battery weight and volume 
when analyzed in terms of system requirements, and to reduce these data 
to a  Til usable in the systems study portion of this program. 

(b) Approach: Analyze data sup±._*ed by Yardney Electro Corp. and reduce to 
curves of battery weight and \ J.ume versus W-H :     ing and regulation 
requirements. 

(c) Res^ jfc TV- ^dures: Not appl? able; research w.41JL be performed by 
Yardney    .^ic Corp. 

(d/     Pr jcedures; Not .^jlcable; tests w^ll be performed by Yardney 
Electric Corp. 
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(e) Anticipated Performance; Utilizing the results of the analysis, data 
will be presented in a form which will be usable in the system study 
portion of this study. 

(f) Milestone; Document formulae and prepare graphs of the results of 
the battery weight and volume study. 

k.O   Transformer Construction Study 

(a) Objective: To determine the effects of system requirements on trans- 
former construction technoques and how these effects are related to 
transformer weight and volume, and to present these data in a form 
usable in the system study portion of this prpgram. 

(b) Approach: The effects of high operating voltages, high temperature 
operation and atmospheric pressures characteristic of re-entry ve- 
hicles on .the construction techniques required in the transformer 
will be determined. These data, when combined with the data gener- 

f ated during the core material study, will provide trade off data of 
I transformer weight and volume in a form usable in the systems study 

portion of this program. 
I 

(c) Be&earch Procedure: The design constraints imposed by the opera- 
tional and environmental conditions on the transformer design will 
be evaluated in terms of Insulation requirements. A suitable wind- 
ing Insulation material and transformer construction technique will 
be established. 

From these data a realistic winding factor will be determined; and, 
when combined with data generated during the core material study, 
will provide transformer weight and volume data in a form usable in 

j the system study portion of this program. 

| (d) Test Procedures: Not applicable to this portion of the study program. 

(e) Anticipated Performance: From the data obtained from the studies, an 
j optimum construction method for the transformer will be established, 

and weight and volume data will be provided for system studies. 

(f) Milestone: Prepare document of results of analysis, with recommenda- 
tions for construction techniques optimized for the application, *nd 
provide weight and volume data in a form us&ble in the system design 
study portion of the program. 

5.0 Analyze Circuit Design Concepts 

(a) Objective: To determine an optimized missile power supply converter 
circuit configuration and battery combic&t >n for the application. 
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(b) Approach: Utilizing the data generated in the components study phase 
of this program, weight, volume, thermal analysis and reliability 
studies on specific battery-converter combinations will be performed 
to establish comparative data for the specific design approaches. 

(c) Research Procedures: Conduct weight, volume, thermal analysis, and 
reliability studies on specific battery-converter combinations and 
determine the .effects of varying battery voltage, operating frequen- 
cy and converter efficiency on the overall system design. 

(d) Test Procedures: Not applicable to this portion of the study program. 

(e) Anticipated Performance: From the.data obtained in this systems study, 
a recommended circuit will be established for development in phase II 
of this program. In addition, a design procedures methodology and 
families of design curves applicable to systems of different require- 
ments will be established. 

(f) Milestone: Establishment of a recommended circuit for development dur- 
ing phase II of this program and a design procedure methodology in- 
cluding curves or formulae describing the following: 

(1) Battery weight versus W-H rating and regulation 
(2) Battery volume versus W-H rating and regulation 
(3) Battery weight versus terminal voltage and regulation 
ik) Battery volume versus terminal vcltage and regulation 
5) Converter volume versus battery voltage 

(.6) Converter weight vsrsus battery voltage 
(7) Converter volume versus operating frequency 
(8) Converter weight versus operating frequency 
(9) Converter volume versus power output 

(10) Converter weight versus power output 
(11) Converter volume versus output voltage 
(12) Converter weight versus output voltage 
(13) Converter operating temperature versus converter size and 

operating time. 
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SECTION I 

INTRODUCTION 

This report describes the results of studies performed by Honeywell 
Ordnance from April 20, 1966 to July 25, 1966, to develop a design 
methodology for a missile power supply.   Batteries and converter- 
regulator and battery combinations were investigated and evaluated. 

This program has the following major objectives: 

Development of a design methodology for a highly reliable missile 
power supply for operation from a silver-zinc battery source. 

Development of a reliable method for accurately determining the 
minimum weight and volume of the missile power supply. 

To meet these objectives, the applicability of the following systems and 
techniques have been studied and evaluated. 

All loads serviced by a battery directly 

All loads serviced by a solid-state dc/dc converter operated 
from a battery source 

A portion of the load serviced by a battery or batteries directly, 
with the remainder of the load serviced by a solid-state dc/dc 
converter. 

In general, the missile power supply is characterized by a relatively high 
power output during a relatively short, one-time operation. Accordingly, 
this program includes studies of the effects of relatively high frequency 
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Operation, boil-off cooling, high quality cores, and the effects of 
overloads in a power supply of this type. 

The design methodology is sufficiently generalized to be applicable 
to other similar systems of various power levels, voltage levels, and 
load transfer durations. 

-2- 
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SECTION II 

TECHNICAL DISCUSSION 

1.        BATTERY WEIGHT AND VOLUME ANALYSIS 

During the report period, data were obtained describing the weight and 
volume of batteries with conventional (individual) cell construction. 
Formulae were derived expressing the weight and volum*» of the batteries 
as a function of nominal battery terminal voltage, watt-hour rating, and 

percent of regulation. 

The formulae for battery volume are: 

3 3 Vol  -   0. 28 inches      x V + 0. 72 inches x R at ± 5% regulation 
volt watt-hour 

3 3 - Vol  =   0. 28 inches      x V + 0. 62 inches x R at ± 10% regulation 
volt    ~ watt-hour 

3 3 
Vol   =   0. 28 inches      x V + 0. 53 inches?        x R at ± 15% regulation. 

volt watt-hour 

Where:        Vol    =   Volume of battery in cubic inches 
V        =   Nominal battery terminal voltage in volts 
R        =   Battery energy in watt-hours 

The formulae for battery weight are: 

Weight  =   0. 006 pounds x V + 0. 042 pounds        x R at ± 5% regulation 
volt watt-hour 

Weight   =   0. 006 pounds x V + 0. 0345 pounds        x R at ± 10% regulation 
volt watt-hour 

Weight  =   0. 006 pounds x V + 0. 0295 pt, nds        x R at ± 15% regulation 
volt watt-hour 

-3- 
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Where:        Weight      =  Weight, of battery in pounds 
V =   Nominal battery terminal voltage in volts 

R =   Battery energy in watt-hours 

2.   CORE MATERIAL SURVEY AND TRANSFORMER ANALYSIS 

Letters of inquiry were sent to six core material manufacturers request- 
ing data and recommendations appropriate to this program    A copy of 

this letter appears in Appendix D. 

Arnold Engineering did not recommend any of their currently available 
core materials, but stated that production of soft ferrite cores which 
may be suitable has just begun.   These cores will not be available until 
late fall 1966; engineering data are not available at the present time. 

Indiana General recommended their 0-5 ferrite for the power transformer 
and C-2 ferrite for switching applications.    Data sheets for these materials 
were supplied. 

Allen Bradley recommended their R-03 ferrite core material, and sub- 
mitted data on this material. 

Magnetics, Inc.  recommended 1/2-mil Orthonol for use at 20 kc, and 
supplied data on this material. 

Ferroxcube did not reply. 

The data received from all manufacturers were deficient in core loss 
information at high frequency and high temperatures; however, this infor- 
mation is more complete for the ferrites than for the tape-wound cores. 
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A design methodology was developed for comparing core materials and 
determining how the system volume is affected by adding a transformer 
to the system. 

Formulae were derived expressing the increase in system volume 
resulting from the addition of a transformer core and the increase in 
system volume resulting from the addition of a transformer winding. 
The derivation of these formulae are presented in Appendix B.   Using 
these formulae, a Honeywell HRC-400 computer was used to generate 
the data that was then used to develop the curves presented in Figures 1 
through 25. 

The formula expressing the change in system volume resulting from the 
addition of the transformer core is: 

A v     -   A « „ m-9 m*n      I2- 94 x 108 p\ 3/4  .   12. 94 x 108 P] 3/4 AV1   ~   4.55x10     BtfCL1KBgjK  +      fgSJK 

where: 

A V    =   Increase in system volume (in cubic inchesx due to the 
addition of the transformer core 

3 
B        =»   Battery volume constant, inches 

watt-hour 

t =   Load duration in seconds 

f =   Frequency of operation in cpr 

C. 1    =   Core loss in /u watts LI  g  
cm   cps 

& -   Flux density in lines 
inches 
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S        =  Core stacking factor 

P        =   Power input to the transformer in watts 

J        =  Current density in the conductors of the transformer 

winding, in amperes 

inches 

K        =   A winding factor expressing the ratio of conductor area to 

window area. 

-9 
The first term on the right side of the equation, 4. 55 x 10     F'-f CT - 
/ ft    \ ?/4 LJ1 

12 94 x 10   PI S * ■ ■ ■ —I        ,   defines the battery volume increase required to 

2.94xl08p\3/4 Supply fne losses of the core, while the second term, 

defines the volume of the core. 
f ÖSK J 

Since the power input to the transformer, P, the current density, J, and 

the winding factor, K, are determined largely by factors other than the 

transformer core material, these terms were transposed to the left side 

of the equation, as follows: 

3/4 
[KJ\    3/4  A V   _ .   „     1(l-9       r      (2. 94 x 108 

P~j A Vx- 4. 55x10     BtCL1| ^  

,   [2.94xl08\   3/4 

-9 
The factor 4. 55 x 10     CL. 

Ttt 1 

2.94xxüM3/4 
with dimensions of 

TO" 
watt-hours, is proportional tb the power dissipated in the core.   This 
seconds 
factor is plotted for the Allen Bradley R-03 ferrite core material in 

Figure 1, and for 2-mil Orthonül in Figure 2. 
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Multiplying this factor by specific values for B and t, as determined by 

the battery constant and load duration, translates this family of curves 

in the vertical direction. 

/o Qft v in8   1 3^4 

If the term    ■ ' / ar  I is then added, the family of curves becomes 

asymptotic to a line described by the formula: 

,8 i    3/4 

m 3/4  A V, 2.94 x 10v 

föS 

Where: 

AV.   =   volume added by core,  in cubic inches. 

With B equal to 0. 53 and 0. 62 for battery regulations of 15% and 10%, 

respectively, and t equal to 45 seconds or 75 seconds (from the specific 

load durations defined for the system), a series of curves were plotted 

for R-03 ferrite, 0-5 ferrite,2-mil OrthonoL, and 1-mil OrthoncL    These 

curves are presented in Figures 3 through 18. 

NOTE 

-9 Three different constants,  4. 55 x 10     fCL-, 

4. 55 x 10"6 Bt CL3, and 7. 87 x 10"3 CL2, 

appear in the formula presented in Figures 1 

through 18.    Thus, the formula is expressed 

in three different ways, with the change in 

constants resulting from the manner in which 

the factors describing core los3 were inserted 

into the formula. 

t 
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(B = . 53 AND t = 75) 
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Figure 18   -   EFFECT OF 1 MIL ORTHONOL ON SYSTEM VOLUME 
(B = . 62 AND t = 75) 
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Assuming that no heat energy would be lost from the core material 

through radiation, convection, or conduction, the following general 

formula was derived for core temperature rise (A T) 

AT   =   (4. 55 x 10"9 fCL) ^—   t 
s 

Where: 

Cel   =  specific heat of the core material, in watt-hours 
s  

in. * *C 

The rate of temperature rise, -»»-, versus the product of f 8 is plotted 

for R-03 ferrite in Figure 19. 

The following expression was then derived to determine the increase 

in system volume, AT-, due to adding a transformer winding. 

A T nv    i 2. 66 x 108P\ 3/4 
BK       fBSjK 

(1. 08 x 10~10 Tt + 2. 53 x 10"8) t J2 

1- . 00696 x 10"6 t J2 

,   /2.66xl08P^ 3/4 

+ fSSjK 

Where: 

T.       =   Initial winding temperature, in °C. 

This equation, the derivation of which is presented in Appendix B, assumes 

that no heat energy is lost from the winding through radiation, conduction, 

or convection. 
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Since the factors, f, 8 , and S are largely dependent on the core material, 

and since the factor P is dictated by the application, these terms were 
transposed to the left side of the equation, as follows: 

ff as\ 3/4 A V, 
"(l. 08 x 10'10 Tj + 2. 53 x 10"8j  t J2 

1- . 00696 x 10"6 t 

(2.66X108! 3/4   X 

J2                         J 
[2.66xl08l3/4 

1       JK JK          J 

BK 

With T- equal to 65°C (maximum specification requirement), B equal to 

0. 53 and 0. 62 and t equal to 45 seconds and 75 seconds, a series of graphs 

_p—J      *    A V„      versus J were plotted.   These curves are presented 

igures 20 through 23. 

Again assuming no heat energy loss from the winding through radiation, 
conduction, or convection, the following general formula was derived to 
describe temperature rise in the winding. 

AT (6. 96 T   + 1630) J£ t 

2 T 10" - 6. 96 J" t 

Curves of A T versus J for t equal to 45 seconds and 75 seconds, and 
with Tj equal to 65°C, are presented in Figures 24 a.ad 25. 
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Figure 24   -   WINDING TEMPERATURE RISE Tj » 65 AND t » 45 
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Figure 25 
J    -    AMPS/INCHES" 

WINDING TEMPERATURE RISE (Tj = 65 AND t = 75) 
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3.       TRANSISTOR SURVEY AND ANALYSIS 

a.        Transistor Survey 

A letter was sent to transistor manufacturers requesting their recommend- 

ations for transistor types which could be used in a high-power dc/dc 

converter.   A copy of the letter is presented in Appendix D. 

Replies were received from Delco Radio, Continental Device Corp., RCA, 

Bendix, and National Semiconductor Corp.   Continental Device Corp. does 

not make a suitable transistor.   National Semiconductor Corp. has a fast- 

switching silicon transistor, but its current carrying capability is so low 

that it could not be used in high power devices. 

The pertinent data received by the other four manufacturers are summarized 

in Table I (where there are blanks, the manufacturer was unable to supply 

data).   These data are from specification sheets, and do not necessarily 

represent the values which would be obtained i n a converter circuit.   For 

example, the switching times can be improved by switching anhancement 

circuitry.   Also, some of the higher-current transistors may be used 

somewhat below their maximum collector current ratings, to improve 

^CE'SAT) anc* switcning times. 

The RCA 2N3265 looks promising for high-power duty because of its 

exceptionally low Vpv/SAT) *or a si^icon transistor.   RCA did not suggest 

switching enhancement circuits, but the "typical" specification sheet 

values appear to be very good.    The 150-volt.    V_ES would require opera- 

tion in a bridge circuit if a high input (battery) voltage were to be used. 
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TABLE I 

SUMMARY OP TRANSISTOR DATA 

MFR. TYPE MATERIAL 
VCB 

«VOLTS) 

VCHSAT? 
ATIC 

V 
(pS) (HS) *FEAT,C T.0MAX) 

RCA 210» SIUCO» ISO 8.75V AT ISA 20 0.5 L5 as 25 AT ISA 200*C 

RBftiX mm GERMONISMI 128 8145VAT25A ?.o 40 2.5 20AT20A 110*C 

SOUTRQN 2J0151 SiUCON ISO I.5VAT5M 20 10AT50A 200*C 

OfiCO MSU SILICON 409 L0VAT10A 2.1 2.2 LO 10AT10A 150*C 
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The Bendix 2N1653 is the only germaniuTi transistor suggested by the 
manufacturers responding.   Although the 2N1653 has the lowest VCJS(SAT) 

it also has the longest switching time.   Therefore, it should be considered 
only for comparatively low frequency operation.   The lower temperature 
limit for germanium transistors also limits its use to a relatively short 
mission time(in the order of a few seconds); otherwise, the transistors 
will overheat.   The low collector voltage rating will require bridge circuit 
operation when relatively high battery voltages are used. 

The Solitron 2N3151 has the largest current-carrying capability and a 
reasonably high f_.   Switching times were not given in the specifications, 
but should be comparable to the other silicon transistors in the table.   The 
VpES maximum of 150 volts limits the application of the 2N3151 to bridge 
circuit operation, as in the above two cases.   The comparatively high 
VpE'SAT) and low gam at the characterization point of 50 amperes collector 
current suggests the use of this transistor at lower collector currents, 
perhaps 25 amperes.   The case size of this transistor is larger than the 
previous three, which detracts from the advantage of a high current rating 
when total transistor volume is considered. 

Delco Radio recommended a high voltage silicon transistor, the 2N2581. 
This transistor appears to be particularly attractive at high input voltage 
levels.   Among the responding manufacturers, only Delco recommended 
switching circuits, and suggested switching times which could be achieved 
in a high power level circuit.   For this reason, the 2N2581 characteristics 
were used in the following examples of transistor loss calculations. 

b.       Transistor Analysis 

Presented in the following paragraphs is an analysis of a suitable transistor 
for an 8. 2-kw converter for the missile power supply.    This analysis 
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examines the relationship between transistor power losses and transistor 
parameters.   There are two categories of power losses:  switching losses 
and conduction losses.   Switching losses are related to three components: 
rise time (tR). storage time (U), and fall time (t_).    These components 
are illustrated in Figure 26. 

By using equation (4) from Appendix C, and by substituting the values 
given in Figure 26, each switching power loss is calculated as follows: 

The rise time switching loss is calculated as: 

RT 
ftR D ^Vs+0)+I (0+0)] 

To simplify the equation the rise time switching loss may be calculated as 

Vs p     * ft *RT        IXR (1) 

In the above equation, the values substituted from Figure   26 are: 

ll 
V 2Vg 

0 

0 

*s 

The storage time switching loss is calculated as: 

PST   =   «S s<ot2v4K, **«v*(£nj +0> 
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Figure 26   -   SWITCHING LOSS COMPONENTS 
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To simplify, the storage time switching loss may be calculated as: 

PST   =   ftS Vs(« l«s + VI 
In the above equation, the values substituted from Figure 26 are: 

(2) 

1*3+ t] 

V        =   0 x 
Vy      ■   2VS 

The fall time switching loss is calculated as: 

PFT   =   ftF   I F (0 + 2 V°Ic) + * s~s' " 3 {2Vsh [ts + tF 
+ 0) 

To simplify the equation, the fall time switching loss may be calculated as: 

(3) 

In the above equation, the values substituted from Figure 26 are: 

PFT   =   ftF|~~3~ [-W1 
t 1 
V ■ 2Vsl> 

\"*S + tF 
=   2V< 

■ h 
=   0 
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The switching losses defined by equations (1), (2), and (3) above are 
combined as follows: 

P        =   P      + P     + P *SW RT       ST       FT 

Substituting from equations (1), (2), and (3); 

SW 

The combined switching losses may be simplified as follows: 

A^fiW-tahlWh PgW  -   f vc 

Thus, the total switching loss is directly proportional to the converter 
oscillator frequency, the battery terminal voltage and current, and the 
three switching time parameters.   As shown in the preceding example, 
equation (4) will assist in selecting transistors that will minimize these 
power losses. 

Transistor conduction losses are comprosed of two components:  "on" 
losnes and "off" losses.   Assuming operation at saturation, the "on" 
loss is: 

ON *[ VCE(SAT) *S + VBE 4E"|] 
(5) 
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Similarly, the "off" loss is: 

POFF       *2VS *CO + VEBO ^BO* (6) 

Combining the two conduction losses and averaging: 

P      + P *ON     *OFF 
CON 

Substituting from equations (5) and (6): 

CON -[ VCE(SAT) h + VBE ( jl- )]+ <2VS *CO + VEBO *EBO 

To simplify, the total conduction loss may be v.*ritten as follows: 

CON j" h   [ VCE(SAT) + (hpf) ]     +   (2VS JCO + VEBO W1 (7) 

Combining equations (4) and (7), the total average transistor power loss 
is: 

PT(AVG)        P3W + PCON 

Substituting: 

T(AVG) f V   I vs s 
!RL!V 

's ♦ V 

-[ VCE(SAT) +| SI ] +( 

1 + 2 
4S + *F/ (8) 

2VSICO + VEBOIEGo) 
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As shown by the above example, equation (8) can be used to select a 

specific transistor capable of minimizing converter power losses in a 

specific system. 

As shown in Appendix C, any transistor power loss increases the 

overall system volume by requiring additional battery volume to com- 

innnr ^T(AVG)* 

Figure 27 illustrates the relationship between battery volume, in cubic 

inches, and converter oscillator frequency.   A typical battery terminal 

voltage (100 volts) and current (10 amperes) were chosen; the switching 

time parameters for both light and heavy saturation operation modes 

were taken from the 2N2581 transistor specification.   Also, power 

transfer durations (t) of 45 and 75 seconds were selected. 

As an example of how the battery volume is affected by the oscillator 

frequency, refer to Figure 27.   A 25-kc oscillator frequency requires a 

battery volume, per transistor, of from 0. 137 cubic inch to 0. 184 cubic 

inch for a 45-second power transfer duration, but the battery volume 

requirement is increased to a range from 0. 330 cubic inch to 0. 450 

cubic inch for a 75-second power transfer duration.    The precise 

requirement for battery volume, within the ranges specified in Figure 27, 

depends en the operational mode of the transistor. 

4.        SYSTEM VOLUME ANALYSIS 

Four power supply system configurations have been investigated with 

respect to battery volume requirements, as follows: 

A separate battery supplying each load independently. \ 

A separate battery and converter-regulator combination supplying 

each load independently. 
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One battery supplying the 6. 3-volt floating load and one battery 

supplying the remaining loads. 

One battery and converter-regulator combination supplying all loads. 

Using the formulae derived for battery volume, the volume of a power supply 

comprised of separate batteries supplying each load directly was calculated. 

The results are shown in Table II. 

TABLE II 

REQUIRED BATTERY VOLUME FOR SPECIFIED POWER SUPPLY LOADS 

POWER SUPPI Y LOADS VOLUME OF BATTERY 

SUPPLYING LOAD 

DIRECTLY (cu. -in. ) 

+6. 3 volts,  10% regulation, 9 amps, 
75-second duration 

+6. 3-volts floating,  10% regulation, 
2 amps, 75-second duration 

+90 volts,  10% regulation, 15 amps, 
45-second duration 

■3000 volts, 3% regulation, 1. 25 amps, 
45-second duration 

-1500 volts,  10% regulation, 2 amps, 
75-second duration 

+50 volt, 3% regulation, 0. 25 amp, 
45-second duration 

+10 volts,  3% regulation, 2 amps, 
45-second duration 

-200 volts, 3% regulation, 0. 1 amp, 
45-second duration 

2.497 

1.930 

35. 660 

875.600 

458. 700 

14.12f 

2.990 

56. 190 

TOTAL VOLUME 1447. 687 
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During the course of another study we examined how a combination of 

a battery and a converter-regulator would affect the battery volume. 

In a battery converter-regulator combination, the battery would have 

to supply enough energy to satisfy the losses in the converter.   Therefore, 

the energy term.R, in the battery volume equation becomes R/Nc, where 

Nc  =   converter efficiency. 

In a converter-regulator, the output voltage can be maintained within a 

very narrow range while the input voltage varies over a relatively wide 

range.   It was assumed all power supply voltage regulation requirements 

could be met in a converter-regulator-battery combination, with the 

voltage regulation of the battery equal to 15%. 

For each load requirement, a family of curves was plotted which com- 

pared battery volume and battery terminal voltage.   Each curve in the 

family is for a different value of converter efficiency (Nc).   The curves 

are presented in Figures 28 through 35. 

During a third study we assumed that two batteries would supply all the 

loads.   One battery supplied the 6. 3-volt floating load; another battery 

supplied the remaining loads.    The formula for determining the battery 

volume required for servicing the 6. 3-volt floating load is: 

Vol (6. 3-volt floating-load battery) 

=   0. 28V + 0. 62R at ± 10% regulation 

=   0. 28 x 6. 3 + 0. 62 x 6. 3 x 2 x 75 

3600 

1. 9275 inches^ 

1. 765 + 0. 1625 
„3 
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For the remaining loads the battery voltage would be 3000 volts, with 
taps providing lower voltages.   The battery regulation would have to be 
equal to the minimum requirement of all the loads.   The battery energy 
would be the sum of all the load requirements, as shown in Table III. 

TABLE III 

SYSTEM ENERGY CALCULATIONS 

LOAD ENERGY REQUIREMENT BATTERY ENERGY 

(WATT-HOURS) 

6. 3V x 9A x 75 sec/3600 sec/hr 

90V x 15A x 45 sec/3600 sec/hr 

3000V x 1. 25A x 45 sec/3600 sec/hr 

1500V x 2A x 75 sec/3600 sec/hr 

50V x 0. 25A x 45 sec/3600 sec/hr 

10V x 2A x 45 sec/3600 sec/hr 

200V x 0. 1A x 45 sec/3600 sec/hr 

1.118 

16. 880 

46. 900 

62. 500 

0.156 

0.250 

0.250 

TOTAL ENERGY 128. 054 

The formula for determining the volume of the 3000-volt battery is: 

Vol(3000-volt battery with taps 
for other loads) 

=   0. 28 + 0, 76R at ± 3% regulation 

=   0. 28 x 3000 * 0. 76 x 128. 054 
=   840 + 97. 25 

3 
~   937. 25 inches . 
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The total volume for two batteries supply, ig all the loads is 937. 25 

cubic isches plus 1_ 9275 cubic inches, or «39. 1775 cubic inches. 

Finally, a family of curves were plotted that compared battery volume 

and battery terminal voltage for different values of converter efficiency 

in a battery-converter-regulator combination supplying all loads.    The 

battery energy is the summation of all load requirements divided by the 

converter efficiency.    Battery regulation is assumed to be 151».    Total 

load energy is 128. 054 plus 0. 2625. or 128. 3165 watt-hours.    This 

curve is presented in Figure 36. 
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SECTION ID 

CONCLUSIONS AND RECOMMENDATIONS 

1. BATTERY VOLUME AND WEIGHT 

Battery volume and weight are directly proportional *o battery terminal 

vofrage and wad-hour rating, and inversely proportional to battery 

regulation. 

i 
In a system in which a battery supplies the load power directly, battery 

volume is fixed by the load voltage, energy, and regulation requirements. 

In a system in which a battery supplies the load power through a converter- 

regulator, battery volume is not fixed by the load requirements, since a < 

given cos verter-regulator would be capable of meeting a given load re- 

quirement under various conditions of battery voltage and regulation. 

Thus, with the converter-regulator, battery characteristics are less 

critical, and the battery itself might be chosen from a number of 

acceptable types. 

2. TRANSFORMER CORES AND WINDINGS 
■ 

An examination of Figures 1 and 2 shows that: j 

The power dissipation in the R-03 ferrite core is less than the 

power dissipation in the 2-mil Orthonal for all values of f and ß 

considered. 

- 
The rate of decrease in power loss as core volume is increased 1 

is greater for the 2-mil Orthonal than for the R-03 ferrite. 

If larger core volumes had been considered, the power dissipation 

in the 2-mil Orthonal would have been   ass than the power 

dissipation in the R-03 ferrite. 
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a given f 0 product (proportional to core volume). R-03 results 
in minimum power dissipation at high operating frequencies and 

low flu* densities, while the opposite is true fcr the 2-mil Orth&jaL 

This indicates that hysteresis losses »re predominant in the R-03 

ferrite.  while eddy current losses are predominant u. the 2-mil 

Orthonal. 

A comparative analysis of Figures 3 through 18 shows that: 

The use of R-03 ferrite as the core material would result in the 

least increase in system volume, for the core materials and Bt 

products considered.   However, the loss data for the Orthonal 

curves should be extended to the saturation flux density of 15.000 

gauss. 

As load duration increases, core loss at the point of least change 

in system volume decreases.   Accordingly, the transformer should 

be designed for operation at a relatively low f 0 product. 

For a given operating frequency, a minimum change in system 

volume occurs with ferrite materials.   This minimum value dictates 

the optimum flux density at which the core should be operated. 

These graphs (Figures 3 through 18) must be expanded in the areas 

of the minimum changes if they are to provide the most useful 

information. 

If the operating frequency and flux density are known (from the datsi in 

Figures 3 through 6 describing the areas of minimum change for R-03 

ferrite), the temperature rise in the core for any load duratkr    ?n be 

obtained from Figure 19.   From Figure 6, the flux density '.t i     jh the 

minimum change in system volume occurs is approximat   /    V . pw P 
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at f*100 kc and 3000 gauss at f*50 kc.   Examination of Figure 19 indicates 
that the rate of core temperature rise would be greatest for the 3000-gaua«, 
50 « condition, when -£X- is 5.5 X 10"2 *C per second.   Multiplying this 

t 

factor by 75 seconds (the load duration) shows that the total temperature 
rise in the core is only 4.1*C. 

Therefore, if R-03 fer rite cores would be used, the temperature rir   in 
the core would be insignificant, and the effects of extreme temperatures on 
the core material would be a matter of little concern. 

Examination of Figures 20 through 23 shows that, as expected, the 
winding factor. K. should be made as large as possible.   In addition, the 
curves in these figures show that: 

The optimum current density decreases as the winding factor 
increases. 

! 

The optimum current density decreases if either the battery 
constant. B, or the load duration, t, is increased. 

The battery constant, B, has only a minor effect on the optimum 
current density. 

Figures 24 and 25 show that temperature rises in the winding as a 
function of current density.   On the basis of optimum ^urrent densities 
of 800 at K = . 7 and 1300 at K - . 1 for th,   "5 SP     .a load duration, 
and 610 at K * . 7 and 960 at K = . 1 for the 75-second duration, the 
following conclusions can be made: 
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The temperature rise in a winding supplying a 45-second load will be 

from 10* C to 300*C. depending on the winding factor. 

The temperature rise in a winding supplying a 75-second load will be 

from 110*C to 300*0, depending on the winding factor. 

Since the winding temperature r <se and the transformer volume are 

dependent on achieving the maximum winding factor, additional 

effort should be expended in examining various wire types to deter- 

mine an optimum wire and insulation material. 

3.        TRANSISTORS 

Regarding a suitable transistor for the missile power supply, the follow- 

ing conclusions and recommendations are made: 

In general: 

A specific transistor f -• use in all the system configurations studied 

is not presently available, and therefore cannot be recommended. 

Equations uave been      •   loped that show the relationship of 

transistor losses and battery volume for any combination of 

transistor(s) and battery.    These equations can be used to specify 

the minimum achievable system volume for a specific combination of 

cransistor(s) and battery. 

Generalized equations have been developed that show the relation- 

ship between transistor efficiency, system power level, and system 

power transfer duration.   With these equations, the specific 

transistor(s) required for an optimized system can be determined 

for any combinations of transistors, system power levels, and system 
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transfer durations.   These equations will specify the minimum 
system volume (and thus the minimum transistor volume) for a 

specific mission,  consistent with overall system efficiency. 

Specifically: 

Battery volume (and thus system volume) are directly proportional 

to transistor losses.   The equations developed will enable the sel- 

ection of transistors that will minimize increases in battery volume 

due to transistor losses. 

The operating frequency of the transistor selected for use in a 

specific system must be compatible with the results obtained from 

the transformer power loss analysis for the same system. 

Total transistor switching losses are directly proportional to the 

operating frequency of the converter oscillator. 

On the basis of the studies thus far conducted, the Delco Radio 
T2581 transistor appears to be suitable for use in an 8.2-kw con- 

verter for the missile powt     supply. 
| 
l 

4.        SYSTEM VOL  ME 

The system volume investigations to date have resulted in the following 

conclusions and recommendations. 

The total battery volume for individual batteries supplying each load | 
j 

independently would be 1447 cubic inches. 

.1 
The total volume of the battery supplying the 6. 3-volt, floating load 

and one other battery supplying the remaining loads would be 939 

cubic inches. 
i 
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1 

The t<*tal energy required to satisfy all loads would be 128 watt* 

hours. 

In a battery and converter-regulator combination, where minimum 

battery volume is desired, the converter pow i transformer should 

provide for the maximum possible stt^-up of battery voltage. 

Accordingly, battery voltage should i    as low as possible, without 

entering the region in which converter er; - i . cy is drastically 

reduced, and in which the converter voi^  -        'drastically increased 

as the converter input voltage is decreased. 

Of the systems investigated to date, the single battery and converter- 

regulator combination holds the most promise for minimizing the 

battery volume. 
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APPENDIX A 

BATTERY WEIGHT AND VOLUME CALCULATIONS 

1. BATTERY VOLUME 

Using data received from the Yardney Electric Corporation, plots were 

developed that compared battery volume against nominal terminal voltage 

for v.2.rious fixed values of battery regulation in percent and battery energy 

in watt-hours. These curves shown: in Figure A-1, indicated that battery 

volume is a function of battery terminal voltage, energy, and regulation. 

Therefore, volume m.c:y be expressed as: 

Vol = AV + B 1 Rat 5% regulation 

Vol = AV + B 2R at lOo/o regulation 

Vol = AV + B3R at 15% regulation 

Where: 

A = a c~nstant with dimensio~~ of in. 3 /volt 

B - a constant with dimensions of in. 3 /watt-hour 

Figure A -1 indicates that the average value of A is 0. 28 cubic inch per volt. 

Therefore, the general equation for battery volume becomes: 

Vol = 0. 2 8 V + BR 

The curves shown in Figure A-2 were plotted to find B for the three fixed 

values of battery regulation, which are: 
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B,   -   0, 72 at 5% regulation 

B2   ■   0. 62 at 10% regulation 

33   -   0. 53 at 15% regulation 

The equations for battery volume at different values of regulation are: 

Vol   -   0. 28 V ♦ 0. 72 R at 5% regulation 

Vol   *   0. 28 V ♦ 0. S2 R at 10% regulation 

Voi        0. 28 V ♦ 0. 53 R at 15% regulation 

To general ze fne volume equation, it was assumed that a linear relation- 

ship exists between the values of B found for the different values of 

regulation.   On that basis, a general expression for B can be written 

as follows: 

B   -   X regulation ♦ Y 

From this equation, two simultaneous equations can be written for B at 

different values of regulation, as follows: 

0. 72   -   X5 ♦ Y at 5*i regulation (1) 

0. 62   -   X10 ♦ Y ,- 10% regulation (2) 

Subtracting equation (2) from equation (1) yields: 

0. 1   =    -5X 

X   --   -0. 1 

-0. 02 
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Substituting X into equation (1): 

0. 72   =   (-0. 02)(5) + Y 

Y =   0. 72 + 0. 1 

Y =   0.82 

The general equation for battery volume is: 

Vol   =   0. 28V +(-0. 02 REG+ 0. 82) R 

where: Vol = Volume of battery in cubic inches 

V     = Nominal battery terminal voltage in volts 

R     = Battery energy in watt-hours 

REG= Battery voltage regulation in percent 

2. BATTERY WEIGHT 

The method used for deriving the equations for battery weight is the 

same as that for volume.   The curves in Figure A-3 and A-4 were 

plotted from data received from the Yardney Electric Corporation. 

The weight equations are: 

Weight   =   AV + B.R at 5% regulation 

Weight   =   AV + B„R at 10% regulation 

Weight   =   AV + BgR at 15% regulation 

where: A     =   A constant with dimensions of lb/volt 

B     =  A constant with dimensions of lb/watt-hour 
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■^q^^^^^^^^^w ass 

Figures A-3 and A-4 indicate that A is 0. 006 pound per volt.   Therefore, 

the general equation for battery weight is: 

Weight   =   0. 006V + BR 

The curves in Figure A-5 were plotted to find B for the three fixed 
values of battery regulation, which are: 

Bj   -   0. 042 at 5% regulation 

B2 0. 035 at 10% regulation 

B,   =   0. 0295 at 15% regulation 

The equations for battery weight at different values of regulation are: 

Weight   =   0. 006V + 0. 042 R at 5% regulation 

Weight   =   0. 006V + 0. 035 R at 10% regulation 

Weight   ^   0. 006V + 0. 0295R at 15% regulation 

where:    weight =  Weight of battery in pounds 
V     -   Nominal battery terminal voltage in volts 
R     -   Battery energy in watt-hours. 
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APPENDIX B 

CONVERTER TRANSFORMER VOLUME ANALYSIS 

i   GENERAL 

Considering only the bai e^y and converter transformer in the system, the 

vo of these component? is: 

V    + V   - B        TR 

whfc <i VT   =   Total vi ame 

V      =   Battery v> ume 

VTR   ~   Transform»     'olume. 

Previously   nowever,   v    was established as follows: 

VB   -•  ^V + BR. 

where V     -   Battery terminal voltage 

R     =   Battery rating in watt-hours 
3 

A     =   Constant u'i.h dimensions of m-T- Volt 

B     3   Constant, (dependent on battery regulation) with 
A . ,    .  3 dimensions of    in 

watt-hour 

The required bat c.-y rating *R) is dependent on the load requirements and the 

power loss of v'ie transformer. 

R ■ (ELILt4PTRt)   jfa 

R r Battery lating, in watt-hours 

E. - Lead voltage,  in volts 

I. - i_.oad curr.nt, in amperes 
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t - Load duration, in seconds 

P TR ·· Power dissipated in the transfr,rmer, in watts 

;. VT B 
-· AV + 3600 

. AV + BEL IL t 

3600 

where PC = Power dissipated in the core, in watts 

PW = Power dissipated in the winding, in watts 

where V C = Total core volume, in cu. in. 

or 

V wg -- Total winding volume, in cu. in. 

== A V + BEL IL t + 
3600 

= [A V + BEL I L t ] + 
3600 

B t (PC+ PW) 

3600 
+ vc + v wg 

[ 
Bt p C + 

3600 
vc] + [ Bt Pw + v ] 

3600 wg 

The terms in the first bracket of the equation define the battery volume 

req'.Iired to supply the load requirements, the terms in the second bracket 

define the increase in system volume caused by adding a transformer 

core, and those in the third bracket define the increase in system volume 

._ caused by adding a transformer winding. Each bracketed term of this 

equation can be investigated separately, and minimum points can be 

determined if they exist. 

-76-



2. STUDY OF EFFECTS ON TOTAL SYSTEM VOLUME DUE TO ADDING 
A TRANSFORMER CORE 

t 
.6.V ::B PC 

1 ----3600 

The core parameters PC and V C must be expressed in terms of circuit 

parameters. S~nce the total power dissipated in the core material (PC) 

is dependent on the core volume (V c>• the core volume will be developed 
~· ... drSL. 

a. Derivation of V C as a Function of Circuit Parameters 

Assume a toroidal core with dimensions as shown below: 

Then: 

Window Area :.:: Aw :.:: rr I 4 o2 

Core Area :.:A :.:: dh c 
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v w + v c = 1r I 4 (D + 2d)2 h 

V = 11'/4 (D + 2d)2 h- 11'/4 D2h c 

= 1r dh (D + d) 

Assuming a given form factor for the core for minimum transformer 

weight (as specified in AD 433 159, Voltage Regulation and Conversion 

in Unconventional Electricity Generator Systems), 

1 
d =-v;- D h = -y2 D 

Ac = ...!.. n x V2 o = D2 

-¥2 

D = V: ACAW 

vc 
1 

D"{2 D (D * D) = 1r D
3 ("Y2 + 1 ) = 11'-v; -{2 

_\[2 + 1 4 3/4 3/4 
v 11' (-) <Ac Aw> c --{2 11' 

v ~"'{2 + 1 
2 l/2 11' 1/~ (A. A ) 3/4 

c -y; 374 c w 
TT 

Vr = (2 -{2 +2) 11' 1/4 (A A ) 3/4 
'-' c w 

(2) 
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Assuming a bifilar-wound transformer, A—A.- can be expressed in terms of 
the circuit requirements AS follows: 

Np ,  Ep * 10' 8 

C        4f8 S 

Np     -  Total number of turns on the primary winding 

Ep     -   Voltage applied to the primary, in volts 

f        -  Operating frequency, in cycles per second 

Flux density in the core material, in lines per sq. in. 

S Core stacking factor 

If K, the winding factor, is defined as the ratio of the copper area, A-.., 
within the core window to the   area of the core window, then: 

K       ACU 
*** 

ACÜ  =  NPWAP + NSWAS 

ff„ = Total number of turns on the secondary 

W A p = Conductor area per primary turn, in sq. in. 

W A«. = Conductor area per secondary turn, in sq. in. 
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Assuming NpWAp »  Ng W^ 

ACU  *  2NPWAP 

Further, if J, current density, is defined as follows: 

j a Total primary current through A~. 

Total A-,., of primary winding in the window 

Then: 

J Np/2 Ip 

ACU 

Acu -  
NP*P 
2J 

Aw !P 
" 5K5 

NP 
"2" C     Np 

=   EpXlO8 

4fBS 
x    «P 

2~l 

VSr- Ep,pXl°8   - c  w     4f S SK J 
Px 108 

4f BSK J 

Substituting into equation (2): 

V      -   6- 35 x 106     | P x 108        1  3/4 
VC 27333—     TTB SKJ 
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vc * 2-24*l0<,<rs7TCT,3/4 

; 

utttm* rit ,ier- y*Zpi~*V 

. I 2. 94 x 10" P -I 
8 „ , 3/4 

fBSKJ I (3) 

b. Derivation of Pp as a Function of Circuit Parameters 

Core loss data are presented on the data sheets in terms of F watts 
watts 
pound for ferrites or in terms of "._"   for tape-wound cores. 

cm   cps 

Let    CL1   =   core loss factor & Vtt8 

cm   cps 

CL2   *   core loss factor w£jn| 

PC  S  CL1* 6. 1 x 10 
32    x Vc  x f   x 10 

watts u watts    „ cm 
cm   cps      in. 

3 
* A  «i-.8«cp. 

»-5 Pc   =   1. 64 x 10 * CL1 x Vc x f (4) 

or 

lb 3 
PC   =   CL2x6-^  »Vcin.3 

in. 

6   =   density of the core in  * 
in.3 

Pc   -   2.24xl0+66cL2   (fBgP
KJ     1 

3/4 
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c System Volume Analysis 

AV.   --  BtPC   +  Wr 
1      ""STOB"       c 

substituting for Pc from equation (4) 

A Vj   =   Bt  4. 55 x 10"9 f CL1 Vc + Vc 

substituting for Vp from equation (3) and transposing K, J, and P 

in the equation: 

*U                                                                         fi 3/4                       ß    3/4 

\K3\   '    KXT     _   A RR     in-9D**^        12.94x 10°!        ^(2.94 x 10° \ l-^-J AVj   =   4.55x10     BtfCL1   |-y^ J        +1-7*5 1 

(5) 

d. Derivation of Expression for Core Temperature Rise 

calorics The specific heat, C«, for most core materials is given in units of  . 
cm gm°C 

The density, 6 , is given in unit s of ■—* . 
cm 

In order to obtain the specific heat, C«', in terms of the desired units of 
watt-hours       ..    , ,, , , 

in. 3 °C 
—   ,   uie luuuwtug uuuveisiuu is p enurmeu. 

C  ' .   ^   „ A „  cm    „  watt-hours -   Cs x 0 x        3  x    calories 
in. 

calories        gm         cm watt-hours 
calories 

watt-hours 
gmBC       x        3  x   .    3     x 6                     cm         in. in. 3 °C 

^4 =   16. 4 
in. • 
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watt-hours    _   .  .-    in-3 
calorie»       "   1.16x10 

> 
i 

( 

Cg'   *   19. 05 x 10"3 Cg 6 (6) 

Assuming no energy loss through convection, conduction, or radiation: 

Core temperature rise = A T = Pct ^ x V x ^ * mm/n* 

substituting for P-, from equation (4) 

AT=   164x10 aCL1fVct 
 36ÖÖ Cs '  

T   ="C7   <4.55xl0-9fCL1) (7) 

STUDY OF EFFECTS ON TOTAL SYSTEM VOLUME DUE TO ADDING 
A TRANSFORMER WINDING 

A V, Bt P, W     +  V 
3W w« 

Assume that the winding is of the form shown in the cross section below. 



Volume of sections   1  and  2    =  JL_ (h + O) 

Volume of sections   3  and  4    =  A~d 

vwg 
= 2K^w+vl 

Vwg  -   2  A^h + d + D) 

From previous calculations: 

Aw   -   a/4   D2 

VT 

d ■   4  D 

4 _____ 
flA  TV*     nr  n =      4 MA       1 

w ACAW - r/4 D4,  or D =   4/4 Ac A 
JT 

Vwg  =   2A
w<h + d + D) 

■   r/2 D2 (V_~ D +   ,i_   D + D) 

=   (V2~+ 7-=, +   1)  JT/2D
3 

= (3. 121) JT/2 I 4ACAW 1 

= (3.121)1|3    ,1M  (ACAW)3/4 

M3.121)2-83y-331     (ACAW)3/4 
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Vwg   -   5.9(AcV
3/4 

(A   A   »3/4   .   IPXIO8 1    3/4_106 > P        \    3/4 

Vwg * 208xl° (TFTTTT) 
3/4 

(7) 

PW   =   0 J   KVwg 

,-6 For copper, the resistivity at a temperature of 20"C is 99 x 10     ohm- 

inches.    The temperature coefficient of resistance is 0. 00393.   Resistivity 

may be written as a function of temperature, T, as follows: 

P    =   99 x 10"6  [l + . 00393 (T-20)] 

p    - (. 39 T + 91.2) 10"6 

Let T   =   Tr + AT 

where:   T«   -   Initial starting temperature 

AT-   Temperature rise in the winding 

P    =   (. 39 Tx + . 39 A T + 91. 2) 10 

AT   =i-     x   PWt 

'-S 3600 V     K wg 

-6 

where: 

Cg   =   specific heat of copper in watJ"hours 
in •/ in. " *C 
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calorics 
The specific heat for copper is given as 0. 092 -        0g- 

To convert to desired dimension: 

Cs   =   0.092 H»l2Ei£5    «8.89ÜSJ  x  ^     ^V   x 1. 163 x 10"3 watt-hourö 

gm'C cm 

C„   =   15. 55 x 10 

AT   =   PW' 

-3  watt-hours 

in.    OC 

7T 

in. 

P   t P   t rW = . 0179   *W 

calories 

V     K wg 

(8) 

15. 55 x 10"° x 3600 V     K        *^wgK 

P   t . 39 AT   =   . 00696     W 
V K wg 

:o  =   (. 39 T, + . 00696 PW*      + 91. 2) 10"6 

wg 
P,„ = (. 39 T, +   . 00696 PWt     +   91. 2) 10"6 J2 K V   „ W 1 y     g wg 

wg 2 

P,„   =   . 39 x 10"6 T, J2 K V      + . 00696 x 10"6   PWt J  K Vwg + 91.2 x 10 wg __^  
wg J   K V 

-6 
rW 

P,„ (1 - . 00696 x 10"6 t J2) = . 39 x 10"6 T, J2 K V   m + 91. 2 x IO'VK V   „ W 1 wg wg 

p     , <• 39 x IP'6 T   + 91 2 x IP'6)      j2 
W  TJ n  Wg 

1 - . 00696 x 10 ° t J 

Substituting the values of Pw and Vw0 back into the equation: wg 

A v„ = Bt pw   + v 
2    ~36ÖÖ wg 

yields: 

A V Bt  
2 " "3BTO 

39 x 10"6 T: + 91. 2 x 10"6 

1 - . 00696 x 10 *77" 
„     3/4                     .      3/4 

T2„f2. 66 x 10MP|      J2. 66 x 10BP| J   Kl   fBSKJ 1      M7TSK3  I 
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T£ AV-  .1.«WK10 10T1+2.53xlO-8 , -2      I, M    ,-8, S/«    , .    8/4  i-,, r _      Bt J2 K    2 W X 10" +/iJ8xipl| 
1-. 00696 xHftJ2 I      JK        /        +  ~ 1 (10) 

Derivation* Equation for Winding Temperature Risg 

From equation (8): 

Pw t 
A T   - .0179     W 

V     K wg 

Substituting for Pw from equation (9): 

. . 39 x lO"6!-- +91. 2 x 10"6        „ 
AT-. 0179   .,     »       x   i «—, J*K V 

VwgK 1 - . 00696 x 10"6 J2 t W* 
A _      {. 00696 x 10 "6 T, + 1. 63 x 10~6) J2 t 
i±   1  1 J« X 

1 - . 00696 x 10      J   t 

9 Multiplying numerator and denomination by 10 : 

2 
A T   =   (6. 96 Tj + 1630) J2 t 

10    -6. 96.Pt 
2  (ID 
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APPENDIX C 

TRANSISTOR VOLUME CALCULATIONS 

1. DERIVATION OF SYSTEM VOLUME DUE TO TRANSISTOR LOSSES 

Considering only the battery and converter transistors in the system, the 

volume of these components is: 

where V T == Total volume, in in. 3 

VB = Battery volume, in in. 3 

V Q == Transistor volume, in in. 3 

VB has been shown to be 

V == AV + BR B 

where: v :: 

R = 
A :: 

B = 

Battery terminal voltage, in volts 

Battery rating, in watt-hours 

Constant, with dimensions of in. 3 

volts 

Constant {dependent. o11:3battery regulation) 

with dimensions of m.tt h 
wa - ours 

The required battery rating {R) is dependent on the load requirements and 

the power loss of til.e transistors. 
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1 
R = (EL X IL X t + PT(AVG) X t) 36lJO 

where: 

EL = Load voltage, in volts. 

IL = Load current, in amperes. 

t = Actual load time, in seconds. 

PT(AVGr Total average transistor power losses, in watts. 

The total average transistor power losses are comprised of both switching 

and conduction losses. The switching losses are functions of oscillator 

frequency. 

PRT - Rise time loss, in watts 

PST -- Storage time loss, in watts 

PFT - Fall time loss, in watts 

The conduction losses arise from leakage current and base drive currents, 

and are not functions of oscillator frequency. Losses occur during both the 

ON and OFF switched modes, and averaged by dividing by 2. 

p CON - (P ON + p OFF) 

2 
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t 

I 

\ 
\ 

where: ! 

is 
POfi VCE(SAT) ^ * VBE Ere 

POFFS   (2 VS 'cO * VEBO 'EBO* 

and: 

V-      =   Battery source voltage, io volts 

Ig       -   Battery source current, in amperes 

Titas, use system volume is a function of converter o»«*iii*!cr friMuency. due 

to «he battery volu>ne x*£cü to supply power to compensate for transistor 

swjtdunf losses. 

VT        AV * IWff (EL >L ' * PT<AVG> " * VQ 

'"'TO (EL '■.' * jfw     <PT(AVG>> * VQ 

AVJ 

where: 

A V     -   Component of system vol'jne due to load power delivered. 

A V*2   "   Component of system volume due to transistor losses. 
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2.       DERIVATION OF TRANSISTOR SWITCHING LOSSES 

of« 

PifBreC-1 

V to point mj" 

FifureC-1   -   UKEAR SWITCHING 

iMMTlll 

'   ** M 0> 

£v - v i 

erval t. m 

--;/■■ 

a) 

O) 



I 

where T is the period over which the power is averaged. 

Substituting equations (1) and (2) in equation (3), 

2 

•»•vvv   t,»] 

Substitutirg f » -   for a transistor oscillator and simplifying yields: 
T 
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LETTERS OF I23QUIRY 



F HONEYWELL 
I    N    C. 

April 4, 1966 

Magnatlc Mete1a Company 
Hayes Avenue at 21at Straat 
Camdtn It Mew Jersey 

Attantlom Mr. 1. T. Harrison 

Daar Sin 

Honeywell la presently funded ta develop • dc/dc caamttr «1th extremely 
high power densities. Va are attempting ta handle 10 kilowatts of power 
with a 5 pound weight limit. Oar Initial dealgn calculations Indicate that 
the converter transformer nuat be opereted at a freqooncy 1« excess of 25 KHs 
to approach tne else and weight requirement«. From a soniconduetor stand- 
point the most efficient AC wave shape to use la a aeutro wave voltage» 
Because the transformer also and weight la the pacing item for thia converter» 
it la necessary to select the very beet material aid configuration for use 
in thia system. It le anticipated that the power U-saes of thla transformer 
may be ae high aa one kilowatt. 

In order to achieve the highest power deaaity la a transformer within the 
limitation of the losses which are permissible, le «maid appear that the 
maximum flux deaaity aad the core loss per cy.le at the exciting wave ahapa 
and frequency are the two aast Important considerations. We would Ilka to 
got core material paracetora sad characterletlea to determine en optimum 
design. These characteristics will laclodet 

1. Maximum flax density 
2. Core loaa for various square wave frequencies aad flax denaltiee. 
3a The specific gravity 
4. The apecific heat 
5« The variation of parameter« (1) «ad (2) through • temperature range 

from .65 to -1-250 F. 

We realise that core loaa characteristics are usually reasured for eine wave 
excitation. If data for square wave excitation is not available, could you 
indicate any predicted performance or scaling factors to ase with sine wave 
characteristics? 

Plea«« contact Mr. lichard L. Cerleon, Project Engineer, (935.5155, Ext. 8263) 
If additional Information concerning these requirementa would be helpful. 

Sincerely youra, 

1. L. Carla««, 
KLCiva Project Engineer 
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HONEYWELL 
I    N    C. 

April 8, 1966 

Motorola Semiconductor Products, Inc. 
7515 Wayzata Boulevard 
Suite 20U 
Minneapolis, Minnesota 55^26 

Attn: Glen Johnson 

Subject: Transistors for 10 KW Converter 

Dear Mr. Johnson: 

We currently have a funded study contract to make design 
recommendations for a battery operated, high power density, DC/DC 
converter for use in a missile system. The principle design 
constraints in this study are the weight and volume of the unit. 
Consequently, the efficiency and associated temperature rise 
within the unit become major design considerations. 

The required power output of the converter is 8.2 KW at several 
DC levels and the estimated power input is 10 KW (82^ efficiency), 
The transistor losses were estimated at 80O watts. 

The transistors will be operated in the switching mode of 
operation with significant overdrive to hold the transistor well 
into saturation during the "on" period and the base drive will 
be shaped to enhance switching. In order to meet the weight and 
volume requirements, the switching frequency must be greater 
than 25 KHz. The transistor mounting base temperature will not 
exceed 100°C. 

In this application, the desirable transistor characteristics are; 

- Low VCEJSAT) 
- High Gain 
- Fast Switching 
- High Current Rating 

Rflti° of VCE(MAX) ^(MAX)    12.5 
Losses 

losses = saturation loss + switching loss g 25 KHz + 
base drive loss + cutoff loss. 

MILITARY   PRODUCTS  GROUP 

ORDNANCE »VISION    •    TOO 2ND STREET NORTH. HOPKINS.  MINNESOTA  553*3    •    012/WEST 5-5155 



I 
Motorola Semiconductor - 2 - April 8, 1966 

i 
A recommended battery voltage will be determined as a result of 
this study and will be based primarily on the VCE(MAX) ra*^n6 of 

the transistor and the type of converter circuitry used. However, 
the battery manufacturer prefers that the battery voltage be in 
the range of 25 to 100 volts. 

If you have a transistor which you would recommend, please provide 
the specifications describing the device. If available, we would 
also appreciate information concerning the optimum base drive 
voltage and/or current wave forms to minimize the transistor losses. 

If the transistor is under development, indicate probable parameters 
and the estimated availability date. 

We will need anticipated performance data by May 15, 1966 and 
feasibility units by January 1967 in order to consider any new 
device. 

Please address your written replies to my attention by May 6, 1966 
for use in this study. If additional technical information is 
required, please contact Mr. Richard Carlson, Project Engineer, 
at (612) 935-5155, ext. 8265. 

Sincerely, 

HONEYWELL INC0RP0BATED 

J.W. Brumlaugh, Engineer 
Applications & Specifications 
Mail Station 832 

.JWB/jh 
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